The present work has identified several anomalies which exist with "a respect to crack closure measurements and their correlation of FCP rates. Closure values differed markedly in repeated K-decreasing threshold determinations even though fatigue crack growth rates remained unchanged.
Despite the obvious attractions of PM techniques some problems may be associated with its use in highly alloyed systems such as nickel based superalloys. In addition to the problems associated with inherent porosity, * detrimental mechanical properties may result from the undesirable nature of the precipitation on the original powder particle boundaries (PPBs) (5-6).
The precipitates may restrict grain growth of the material thus limiting the development of large grained materials; secondly, they cause a reduction in the amount of specific elements available for the precipitation of beneficial phases; and thirdly, the PPB precipitates themselves may be *__ *, ** brittle and thus provide an easy fracture path. The nature of the __ precipitates and possible methods of controlling the precipitation behavior are therefore of importance. Therefore, an objective of the present work was to investigate the nature of the second phase particles present in a PM .
-. particles. In addition, the influence of various heat treatments after powder compaction on the incidence and distribution of the PPB precipitates was also investigated.
Influence of crack length: Recent studies (8-12) have shown that the absolute length of the fatigue crack can have a pronounced effect on FCP rates. The growth characteristics of short cracks, whose depth and length dimensions are generally less than 1-2 mm, have generated concern in the design community because of their "apparent anomalous" behavior when assessed according to LEFM principles; it is not uncommon to observe up to an order of magnitude or more higher FCP rates for short cracks when compared with FCP rates determined from long crack samples evaluated at the same AK level. In addition, short cracks can also propagate at AK levels below the so-called long crack threshold.
Because of the "apparent" anomalous behavior of short fatigue cracks when correlated in terms of the stress intensity range, it was important to identify whether differences in failure micro-mechanisms are responsible for this anomalous behavior. To this end, the effect of various microstructural e conditions on short fatigue crack growth were studied. In addition, it was equally important to characterize the growth behavior of these short cracks in terms of an alternative driving force parameter. For example, the anomalous behavior of short cracks when their associated FCP rates are correlated in terms of the stress intensity range, reflects the fact that the stress and strain distributions ahead of the crack tip do not possess the 1//r singularity presumed to exist for cases involving linear elastic behavior. To this end, the applicability of the strain energy density criterion to short fatigue crack growth was examined since this criterion may predict more realistic deformation fields.
Influence of specimen geometry on FCP response: It has long been assumed that FCP rates for a given material are similar for a given AK level, regardless of specimen geometry. Recently, however, Fine and coworkers (13, 14) reported that the threshold behavior of HY80 and type 1018 A major objective of this report was to identify some areas of concern regarding the measurement of closure and its significance in analyzing FCP data. Also, the intention will be to examine the significance of crack "i'
closure generated in conjunction with AK-decreasing test procedures associated with FCP threshold determination.
Variable amplitude loading: Since most structures experientce loads of varying magnitude rather than constant amplitude, it was deemed important to characterize the fatigue crack growth response of a component under random loading conditions. To this end, the effect of 50% tensile overloads (typical in gas turbine disks) on the subsequent fatigue crack growth (at 24*C) was studied in terms of the base line stress intensity level and the Table I .
Samples with differing grain sizes (5-50 pm) were produced by altering the HIP and solution treatment procedures. Thermal treatments used in this study are given in Table II 
islocation density with an inhomogereous dislocation structure evident (Fig. 2a) . Dislocations were generally confined to narrow slip bands with few slip bands per grain. At the same frequency, the 26 pm grain size material revealed a similarly inhomogeneous dislocation structure but with a .. , much higher dislocation density (Fig. 2b) . At 0.3 Hz the observations differed. For the 5 Um grain size a high density fine homogeneous dislocation structure was evident (Fig. 2c) whereas the 26 Pm grain size material showed the same inhomogeneous dislocation structure with a high dislocation density within the slip bands (Fig. 2d) .
..
What is puzzling is the sensitivity of the dislocation structure in the 5 pm grain sized material to changes in frequency. With a 100 fold decrease in the frequency, there is a drastic change in the dislocation structure from inhomogeneous with a low dislocation density to homogeneous with a high dislocation density. In contrast, the 26 Um grain sized material shows little change in dislocation structure with changing frequency.
Despite the differences in dislocation structure between these conditions of either material or deformation, the only anomally in terms of measured failure life was obtained on the 30 Hz test on the 26 Pim material. For a given value of AK in region I, crack growth rates were observed to increase as the specimen loading became more symmetrical with respect to the load line. As such, the DC(T) specimen exhibited lower growth rates than the more symmetrically loaded CCT specimen. This dependence is believed to be related to the interaction of the crack tip stress fields of the various specimen configurations with the material's microstructure.
Elastic stress analysis by the finite element method revealed that for a given AK level, the CCT specimen possesses higher near crack tip Y-direction *0 stresses than the CT specimen, Figure 5 . As a result, the damage zone in Fatigue Crack Propagation--Short Crack Samples: Bend specimens containing short cracks (<300 Vm) were machined from DC(T) samples and fatigue tested. decreasing values of AK. In addition, Figure 7a also reveals that as a /o m y is increased for a given material, crack growth rates increase at high AK levels; as one would expect, this effect becomes more pronounced as AK approaches K c When long and short crack FCP results are plotted together as a function of AK (Fig. 7b ) the short cracks are seen to grow up to an order of magnitude or more faster than the long cracks. Such anomalous behavior of short cracks has been attributed to several different mechanisms (19) (20) (21) .
Here, however, it is suggested that this anomalous behavior is attributed to the improper use of LEFM principles, due to an inability in the stress intensity factor to correctly describe the magnitude of the crack tip stress-strain field for the case of short cracks. Based on experimental and analytical work (performed during this contract period), it is clear that LEFM principles break down in the "so-called" short crack regime at relatively high G/ays ratios (e.g., 0/0ys > 0.5).
For example, a fractographic analysis of both long and short crack length specimens reveals -.. short crack and long crack data are analyzed in terms of the strain energy density criterion (22) (23) (24) , excellent agreement is obtained (Fig. 9) . In
,.
addition, this driving force parameter can also account for mean stress and temperature effects and rationalize differences in the macroscopic and microscopic fractographic features of long and short cracks. The rapid decrease in crack growth rates associated with decreasing AK levels (at low values of AK) is believed to be related to a significant decrease in the effective crack driving force that results from a pronounced increase in the level of crack tip closure (Fig. 10) . If crack growth rates are correlated in terms of the effective cyclic stress intensity, AKeff (Fig. 11) , a normalization of the stress ratio influence on crack growth rates occurs in region II where Elber-type (25, 26) closure mechanisms are believed to occur. However, in the near threshold regime (region I) where closure due to crack deflection and/or asperity interference is believed to dominate (16,27), significant scatter in crack growth rate data arises.
Similar results have been reported previously by Stofanak et al. (28) .
Additional evidence supporting the nonuniqueness of closure in region I is presented in Figure 12 . In the cases examined here, it is clear that the macroscopic crack closure level which has been measured bears little relation to the actual situation at the crack tip. Though it is recognized that the measurement of crack closure is sensitive to events in the wake of the crack tip, closure levels depend also on crack surface conditions remote from the crack tip.
For this reason, incorporation of macroscopic crack closure measurements to the analysis of fatigue fracture processes at the crack tip appears controversial. Clearly more study is indicated. In addition, the K-decreasing procedure used to obtain AK is called into question in that t h it may produce an overestimate of a material's intrinsic FCP resistance through the development of excessive amounts of closure. Furthermore, it has been concluded that at least part of the difference between long and short crack propagation data may be traced to anomalously low FCP rates associated with long crack samples. (For further details, see Publications -Manuscripts 6 and 9.) Variable Amplitude Loading: The effect of 50% single peak tensile overload cycles was determined for the Astroloy alloy for three different grain sizes (Table III) .
The large cyclic delays observed indicate that this material is extremely sensitive to the application of tensile overload cycles. The observed trend of decreasing cyclic delay with increasing AKbase is consistent with overload response associated with plane strain conditions (3, (33) (34) (35) Based on experimental and analytical work LEFM principles break down in the "so-called anomalous" short crack regime at relatively high a/a ratios (e.g., a/a > 0.5). For s example, a fractographic analysis of both long and sKoSrt crack length sp~cimens revealed different micromechanisms and dissimilar development of shear lips at the same computed AK levels. Analytical results also indicated that correlation of short crack data in terms of AK is suspect since the near field crack tip stress-strain fields do not possess the required 1//r singularity necessary for the application of LEFM. Short crack data only appear anomalous when plotted in terms of AK. However, when short crack and long crack data ,.' are analyzed in terms of the strain energy density criterion, excellent agreement is ,.. obtained. In addition, this driving force parameter can also account for mean stress _ effects and rationalize differences in the macroscopic and microscopic fractographic .
-,
features of long and short cracks. • rn
